Abstract. Dendritic cells (DCs) are professional antigenpresenting cells that are pivotal in the generation and sustainability of antitumor immune responses. Whole tumor cell lysates (TCLs) have been used as sources of tumor antigens for the development of DC vaccines. However, the clinical outcomes of the use of TCL-based DC vaccines have so far been unsatisfactory because of the weak immunogenicity of tumor cells. To improve the efficacy of TCL-based DC vaccines, viruses have been used to enhance the immunity of TCLs and to further enhance the antigen delivery and antigen-presenting ability of DCs. The aim of the present study was to improve the antigen-presenting ability of DCs and to use them to effectively activate T lymphocytes. The present study demonstrated that DCs loaded with the lysate of Newcastle Disease Virus (NDV)-infected tumor cells (NDV-TCL) have increased levels of cluster of differentiation 80 (CD80), CD86, CD83 and human leukocyte antigen-antigen D-associated expression, compared with those loaded with TCL alone. The DCs loaded with the NDV-TCL promoted T-cell proliferation and antitumor cytokine secretion from T cells. These results indicated that loading DCs with NDV-TCL could enhance the antigen-presenting ability of the DCs. On the basis of the results of the present study, we hypothesize that this method of loading DCs with NDV-TCL can be used to develop novel DC vaccines for tumor immunotherapy in the future.
Introduction
Dendritic cells (DCs) are the most important antigen-presenting cells in the body; DC-based cancer immunotherapy has been investigated in previous years (1) (2) (3) (4) . Additionally, the approval of the first DC vaccine, Provenge (generic name, sipuleucel-T) (5) , by the US Food and Drug Administration for the treatment of prostate cancer in 2010 was a milestone in the immunotherapeutic application of DC vaccines. Whole-tumor cell lysates (TCLs) have been used as the source of tumor antigens for the development of DC vaccines; however, the clinical outcomes of TCL-based DC vaccines have been unsatisfactory owing to the weak immunogenicity of tumor cells (6) . To improve the efficacy of TCL-based DC vaccines, viruses have been used to enhance the immunity of TCLs, to further enhance the antigen delivery and to increase the antigen-presenting ability of DCs (7) .
The Newcastle Disease Virus (NDV) is a bird RNA virus of the Paramyxovirus family. Specifically, NDV belongs to the genus Avulavirus, which does not include any known natural pathogens of humans (8) . Over the last 6 decades, NDV has been tested as an anticancer agent because of its oncolytic properties. Owing to the oncolytic and immunostimulatory properties of NDV, necrotic tumor cells destroyed by the virus are phagocytosed and perceived as dangerous by antigen-presenting cells. These professional antigen-presenting cells then process tumor-associated antigens (TAA), become activated and present the processed TAA peptides to T cells for cognate interaction and the induction of an immune response. Owing to NDV's properties of tumor-selective replication, oncolytic capacity and immune stimulation (9) , it is considered a promising candidate for use in enhancing the efficacy of DC vaccines (10) (11) (12) antigenicity of tumor antigens had been observed in several model systems (13, 14) . The aim of the present study was to determine whether DCs loaded with NDV-infected TCL (NDV-TCL) possessed a stronger antitumor ability than DCs loaded only with TCL. The results of the present study indicate the presence of a potential novel method for increasing the efficacy of DC vaccines and for the development of novel DC vaccines for immunotherapy in the future.
Materials and methods

Patient information.
In the present study, 12 lung cancer patients were recruited from The First Hospital of Jilin University (Changchun, China) from August 2015 to December 2015. The age range was 45-68 years old and the mean age was 56 years old. There were eight female and four male patients. The inclusion criteria were as follows: No radiation and chemotherapy for more than 1 month prior to blood collection. Other clinical data of the patients have been listed in Table I . The present study was reviewed and approved by the ethics committee of The First Hospital of Jilin University, with written informed consent provided by all participants.
Generation of DCs.
Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation (400 x g at room temperature for 30 min) using Ficoll medium (Takeda Pharmaceuticals International GmbH, Zurich, Switzerland) from whole blood samples (50 ml) of the 12 lung cancer patients. DCs were induced from adherent cells derived from PBMCs following 2 h of incubation at 37˚C in a CO 2 incubator. Non-adherent cells were collected and used as T cells for the cytokine secretion studies. The adherent cells were cultured in CellGenix GMP DC (CellGenix, Freiburg, Germany) with 50 ng/ml interleukin-4 (IL-4) and 50 ng/ml recombinant human granulocyte macrophage-colony stimulating factor (GM-CSF) both (Miltenyi Biotec, GmbH Bergisch Gladbach, Germany) for 5 days, and the same concentration of cytokines (IL-4 and GM-CSF) was added on day 2. On day 5, 1 µg/ml lipopolysaccharide (LPS; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added into the culture medium. On day 7, the cultured cells were harvested and stained with cluster of differentiation (CD)14-FITC (cat. no. 347493), human leukocyte antigen-antigen D related (HLA-DR)-PerCP (cat. no. 347364) (both from BD Biosciences, San Jose, CA, USA), CD1a-PE (cat. no. 555807), CD80-PE (cat. no. 340294), CD86-FITC (cat. no. 555657) and CD83-APC (cat. no. 551073) (all from BD Pharmingen; BD Biosciences) at room temperature for 15 min. At the same time, the cells were stained with mouse immunoglobulin G (IgG)2b κ-FITC (cat. no. 555742), mouse IgG1 κ-PE (cat. no. 555749), mouse IgG2a κ-PerCP (553933) and mouse IgG1κ-APC (cat. no. 555751) (all from BD Biosciences) at room temperature for 15 min. These antibodies were used as control isotype-matched antibodies. All antibodies used above were ready for use and did not require dilution. The surface phenotype of the DCs was determined using FACSCalibur flow cytometer (BD Biosciences). The data were analyzed by FlowJo V7.6 software (Tree Star, Inc., Ashland, OR, USA).
Giemsa staining of the DCs. To evaluate the morphology of DCs, DCs were collected, washed with PBS once and seeded (2.4x10 5 cells/ml) onto a clean microscope slide. The cells were then air-dried and stained with Giemsa for morphological examination by light microscopy (magnification, x1,000). Giemsa staining was performed using the Diff-Quik kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), according to the manufacturer's protocol.
NDV source. NDV J76 was kindly supplied by Yuanguo Li (Military Veterinary Institute, AMMS, Key laboratory of Jilin Province for Zoonosis Prevention and Control, Changchun, China). The working stock of the virus was sterilized by passing it through a 0.22-µm filter prior to using it to infect the tumor cells.
Production of TCL and NDV-TCL. For the preparation of the TCL, human lung adenocarcinoma A549 cells were obtained from Beijing Beina Chuanglian Biotechnology Institute (Beijing, China) and cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). The tumor cells (1x10 6 cells/ml) were collected in a tube, washed with PBS twice, resuspended in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) and then used to produce the TCL through five cycles of freezing in liquid nitrogen and thawing at 37˚C in a water bath, followed by low-speed centrifugation (460 x g at room temperature for 10 min) to remove subcellular particles. For preparing the NDV-TCL, the tumor cells were first incubated for 1 h at 37 in a CO 2 incubator in the presence of NDV J76 (16 hemagglutinating units per 1x10 6 cells). The NDV-infected tumor cells were then washed with PBS to remove the unbound virus and further cultured for 48 h. The same approach as that used for preparing the TCL was then adopted for the preparation of the NDV-TCL. The protein concentrations of the TCL and NDV-TCL were then determined using the Bicinchoninic Protein Assay kit (Wuhan Boster Biological Technology, Ltd., Wuhan, China).
Loading DCs with TCL and NDV-TCL.
For preparation of the DCs loaded with TCL and NDV-TCL, on day 7 following chemokine treatment, the cultured DCs (1x10 6 cells/ml) were loaded with TCL (100 µg/ml) or NDV-TCL (100 µg/ml); 1 µg/ml LPS was then added after 4 h. On day 8, the DCs were collected for the subsequent experiments. The surface phenotype of the different DCs (DCs, TCL-DCs, NDV-TCL-DCs) was then determined using a FACSCalibur flow cytometer (BD Biosciences) following staining with HLA-DR-PerCP, CD80-PE, CD86-FITC and CD83-APC (ready-to-use dilution, as aforementioned) at room temperature for 15 min. Appropriate isotype-matched antibodies were used as controls. The data were analyzed by FlowJo V7.6 software.
Expression of programmed death ligand 1 (PD-L1) on the different DCs.
PD-L1 expression on the different DCs was also determined using a FACSCalibur flow cytometer with PD-L1-APC (dilution: ready for use; cat. no. 329708; BioLegend, Inc., San Diego, CA, USA) at room temperature for 15 min on day 8. Data were analyzed using FlowJo 7.6 software.
T-cell proliferation assays. Allogenic T cells were obtained from one healthy volunteer (male, 56 years old) and stained with 5 µM carboxy fluorescein succinimidyl ester (Molecular Probes; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The labeled cells were then washed, suspended (1x10 6 cells/ml) and co-cultured with the allogenic DCs, TCL-DCs, or NDV-TCL-DCs at a ratio of 5:1 in 200 µl RPMI-1640 medium with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 1X non-essential amino acid (Gibco; Thermo Fisher Scientific, Inc.), 2 mM L-glutamine (Sigma-Aldrich; Merck KGaA), 55 nM β-mercaptoethanol (Sigma-Aldrich; Merck KGaA), and 100 nM sodium pyruvate (Sigma-Aldrich; Merck KGaA) in 96-well rounded bottom plates. After 5 days, the cells were collected, washed with PBS and incubated with CD3-APC (dilution: ready for use; cat. no. 340440; BD Biosciences) for 15 min at room temperature, and the proliferating T cells were then characterized by flow cytometry, as aforementioned.
Determination of intracellular interferon (IFN)-γ and IL-2 levels.
The T cells were co-cultured with autologous DCs, TCL-DCs, or NDV-TCL-DCs at a ratio of 5:1 for 24 h. The secretion of IFN-γ and IL-2 from the T cells was then determined using the BD Cytofix/Cytoperm™ kit (BD Biosciences) according to the manufacturer's protocol. In brief, the co-cultured cells were harvested and adjusted to a concentration of 1x10 6 cells/ml in RPMI-1640 medium containing 10% FBS and incubated with 0.1% GolgiStop (BD Biosciences) for 4 h. Next, the cells were stained with CD3-PerCP (cat. no. 347344), CD4-FITC (cat. no. 340133) or CD8-FITC (cat. no. 555366) (all BD Biosciences) at room temperature for 15 min, followed by intracellular staining with IFN-γ-APC (cat. no. 554702) or IL-2-PE (cat. no. 554428) or rat IgG2b κ-PE (556925) or mouse IgG1 κ-APC (cat. no. 555751) (all from BD Biosciences) at room temperature for 30 min to determine intracellular cytokine levels. All the antibodies used above were ready for use and did not require dilution.
Determination of soluble IFN-γ levels. The T cells (1x10
6 cells/ml) were co-cultured with autologous DCs, TCL-DCs, or NDV-TCL-DCs at a ratio of 5:1 at 37˚C for 24 h in a humidified atmosphere of 5% CO 2 . The level of IFN-γ in the cell culture supernatants was then quantified using the cytometric bead array human IFN-γ Flex set kit (BD Biosciences) on the FACSCalibur flow cytometer, according to the manufacturer's protocol. The data were analyzed by FlowJo V7.6 software Statistical analysis. The data were analyzed using non-parametric Friedman's 2-way analysis of variance by ranks test, followed by pairwise comparisons, the statistical comparison method in SPSS 23 software, and the P-values were adjusted. All statistical analyses were performed using IBM SPSS 23 software (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference. Each experiment was repeated in triplicate.
Results
Characteristics of the DCs. DCs induced by human PBMCs exhibit a high level of HLA-DR expression, a moderate level of CD1a, CD80 and CD86 expression, and a low level of CD83 expression. However, a low level of CD14 expression was also exhibited by the DCs (Fig. 1A and B) .
Mature DCs exhibited a laterally positioned nucleus and less cytoplasm. A number of dendritic protuberances were also observed on the cell membrane surface, which is the typical morphological characteristic of DCs (Fig. 1C) . Fig. 2A ) and the expression level was increased compared with the TCL-DCs. CD80, CD83 and CD86 are important markers of mature DCs. During the process of DC maturation, the expression of CD83, CD80 and CD86 on DCs is upregulated. In the present study, the expression of CD80, CD83 and CD86 on the NDV-TCL-DCs was increased compared with that on the TCL-DCs (P<0.01, P<0.001 and P<0.01, respectively) and unloaded DCs (P<0.001; Fig. 2B-D) . These data indicated that the NDV-TCL-DCs were more mature than the TCL-DCs and that they possessed a stronger potential to promote T cells to exhibit antitumor ability.
NDV-TCL-
NDV-TCL-DCs demonstrate an increased PD-L1 expression compared with TCL-DCs.
A number of studies have previously reported that PD-L1 is expressed at high levels on mature DCs, along with co-stimulatory molecules (15) (16) (17) (18) . In the present study, it was demonstrated that although the expression of PD-L1 on DCs did not differ significantly between the three groups, the expression of PD-L1 on the NDV-TCL-DCs tended to increase in comparison with the other two groups (Fig. 3A) . These data further confirmed that the NDV-TCL-DCs may be more mature than the TCL-DCs (19) .
NDV-TCL-DCs promote allogeneic T-cell proliferation.
A mixed lymphocyte reaction is an ex vivo cellular immune reaction that occurs between two allogeneic lymphocyte populations. This assay was used to evaluate the ability of the NDV-TCL-DCs to promote T-cell proliferation in vitro.
As depicted in Fig. 4 , incubation with the NDV-TCL-DCs significantly increased the proliferation of T cells compared with the T cells alone (P<0.001). However, there were no significant differences between the increase in T-cell proliferation caused by the NDV-TCL-DCs and that caused by TCL-DCs, which indicated that NDV-TCL-DCs had the same potential to stimulate allogeneic T-cell proliferation as TCL-DCs. Fig. 5D ). These experiments revealed significant increases in the activation of CD4 + T cells and CD8 + cytotoxic T lymphocytes in response to co-culture with NDV-TCL-DCs. Additionally, the results support our hypothesis that immunization with NDV-TCL-DCs may activate specific CD4 + and CD8 + T cells in cancer patients.
NDV-TCL-DCs enhance the IFN-γ secretion of autologous
NDV-TCL-DCs enhances IL-2 secretion by autologous CD4
+ and CD8 + T cells. IL-2 serves a critical role in effector T-cell development and antitumor functions. Therefore, the secretion of intracellular IL-2 from CD4 + and CD8 + T cells co-cultured with the NDV-TCL-DCs was also measured; it was demonstrated that co-culture with the NDV-TCL-DCs significantly enhanced the percentage of IL-2-positive CD4 + and CD8 + T cells (P<0.05; Fig. 6 ). However, this effect was not observed upon co-culture with TCL-DCs or DCs alone. These results indicated that the NDV-TCL-DCs had the ability to enhance the percentage of IL-2-positive T cells.
Discussion
The present study attempted to develop a novel DC vaccine using DCs loaded with NDV-infected TCL. NDV-TCL-DCs promoted T-cell proliferation and antitumor cytokine secretion. The results of the present study indicated that loading DCs with NDV-TCL could enhance the antigen-presenting ability of DCs. We hypothesize that this novel DC-loading strategy could aid the development of novel DC vaccines for tumor immunotherapy in the future.
DC vaccines emerged in an effort to avoid possible interference with therapeutic efficacy due to the dysfunction of endogenous DCs, which were commonly observed in cancer patients (20, 21) . However, it is important that the DCs used in these vaccines are presented in a 'mature' state to activate an antigen-specific immune response upon T-cell encounter. This differentiated state is characterized by the expression of several co-stimulatory molecules, which are necessary to activate secondary signals in the immunological synapse (22) . These molecules include CD80, CD86, CD40, CD70 and inducible T-cell co-stimulator ligand (ICOS-L), which interact with their counterparts CD28, CD40L, CD27, and ICOS, respectively, which are expressed by T cells. In addition, mature DCs should exhibit elevated levels of antigen-presenting molecules, including MHC class I, MHC class II and CD1 (20, 23) . The present study demonstrated that co-culture with the NDV-TCL-DCs upregulated the expression of HLA-DR, CD80, CD86 and CD83, which further facilitated the process of T-cell proliferation, and activation. Without such co-stimulation, T-cell anergy or immune tolerance could occur.
In addition to the aforementioned molecules, PD-L1 is constitutively expressed at low levels on hematopoietic cells, including resting T cells, B cells, myeloid cells and immature DCs, as well as on non-hematopoietic cells, including those in the lungs, heart and other organs (24) (25) (26) . Previous studies have reported that PD-L1 is also expressed at high levels on mature DCs, along with other co-stimulatory molecules (17, 27) . PD-L1 expression on DCs is necessary for maintaining immune tolerance in humans (28, 29) . PD-L1 expression on antigen presenting cells may inhibit the induction of cytotoxic T lymphocytes by transducing negative signals onto T cells; however, it has also been reported that the expression of PD-L1 on antigen presenting cells, along with CD80 and CD86, enhances the induction of antigen-specific cytotoxic T lymphocytes, an effect probably depends on the fine-tuning of the excessive stimulation of CD80 and CD86 (27) . In the present study, the NDV-TCL-DCs demonstrated an increasing trend of PD-L1 expression, which was accompanied by a higher level of CD80 and CD86 expression; therefore, NDV-TCL could increase the PD-L1, CD80 and CD86 expression in DCs. This may be the reason why the NDV-TCL-DCs were demonstrated to have the strongest ability to induce T-cell proliferation and cytokine secretion.
The ability to secrete cytokines is critical in determining whether T cells are activated when they recognize an alloantigen (30) . Monitoring the secretion of major cytokines, including IFN-γ and IL-2 by CD4 + and CD8 + T cells, could be useful in determining the immune response to stimulation with DCs. The experiments were conducted accordingly and it was demonstrated that the secretion of IFN-γ and IL-2 by the CD4 + and CD8 + T cells was significantly higher when they were co-cultured with the NDV-TCL-DCs compared with that when co-cultured with the TCL-DCs. Activated CD4 + and CD8 + T cells are necessary for the antitumor activity of the immune system (31) . Therefore, the results of the present study indicated that the NDV-TCL-DCs had the ability to promote the secretion of antitumor cytokines from T cells and that these DCs may therefore be a potential candidate for use in tumor vaccines.
In conclusion, NDV-TCL-DCs were successfully produced and it was demonstrated that they possess the potential ability to promote T-cell proliferation and antitumor cytokine secretion. However, the underlying mechanisms were not elucidated. Future work should focus on investigation of these mechanisms. Nevertheless, the results of the present study will be helpful in developing novel DC-based tumor vaccines in the future.
